The Bay of Biscay is a coastal area intensively exploited for fishing and is submitted to important human actions (proximity of important industrial and agricultural areas). Thus, the understanding of the materials and energy transfers in such ecosystems is of great interest. However, investigations on zooplankton (an important component of the marine food web) are very scarce in this area. Our study concerns the grazing impact of the zooplankton in shelf waters in the plume of dilution of the Gironde estuary prior to the spring bloom. Samples were taken through the photic layer in April 1993. Our results have shown that Ttmora longicornis and Paracalanus parvus dominated the 'herbivorous' planktonic community. The grazing impact of the zooplankton community on the total phytoplankton stock and on the total primary production was low (9-14 and 17-21% day-', respectively) during this period, which is in accordance with most results in coastal areas. However, due to the small size of the algae (-70% of the algal stock <5 (j.m), the most important part of the phytoplankton was not available for these large particle feeders. Thus, the daily grazing pressure calculated on the available fraction indicates that 35-68% of this stock were removed daily.
Introduction
Coastal ecosystems are often studied in terms of materials (i.e. pollutants) and energy transfers due to their richness in species of economic interest and the proximity of important industrial areas. Therefore, investigations concerning our understanding of the food web dynamics are of particular interest. Among these, studies concerning the grazing link between phytoplankton and zooplankton point out that most of the primary production is not assimilated by mesozooplankton in coastal areas (Joiris etai, 1982; Morales etal., 1993) . This indicates that the remainder of the primary producers can either be grazed by microzooplankton, remineralized or deposited on the bottom (Dagg and Turner, 1982) , knowledge of these processes being necessary for understanding the fate of phytoplankton. The consumption of phytoplankton by grazers strongly depends on its size structure (Bautista and Harris, 1992) : large cells are mainly grazed by copepods (Morales et al., 1991) and small cells are more likely ingested by microzooplankton (Gifford, 1988) . Estimating the grazing pressure exerted by copepods on large phytoplankton is important in order to determine the fate of this size fraction and to understand the yield of pelagic fish (zooplanktonic organisms are prey for numerous fish species: sardine, sprat, etc.).
The Bay of Biscay is intensively exploited essentially by sprat and sardine fishing, and is also submitted to an important human action (in the Gironde estuary, for instance). However, knowledge about zooplankton in this zone is very scarce and concerns only the distribution of the zooplankton community in the Bay (Casanova, 1967; Beaudouin, , 1973 Beaudouin, , 1974 Thiriot, 1976; d'Eltee, 1985; d'Elbe"e and Castel, 1991) .
In this paper, we estimate the impact of the zooplankton community (mainly copepods) on the algal stock and primary production prior to the spring bloom in shelf waters in the plume of dilution of the Gironde estuary.
Method
The study was carried out at stations located ~50 km off the mouth of the Gironde estuary (in the plume of dilution), in front of O16ron Island (Figure 1 ). Zooplahkton sampling was carried out following a drogue, at regular intervals (2 or 3 h) from 13 April at 08:00 h to 14 April at 19:00 h and from 16 April at 07:00 h to 17 April at 07:00 h.
Sampling
Temperature, salinity, turbidity (backscattering) and light (photosynthetically active radiation; PAR) were recorded for each sampling on a SBE 25-03 sea logger CTD. Data were logged at a rate equivalent to <0.1 m intervals (only data corresponding to 0.25 intervals are presented; Figure 1 ). Phytoplankton and zooplankton samples were also collected.
Phytoplankton
Phytoplankton stock, phytoplankton size fraction and primary production were determined.
Primary production and phytoplankton stock. Every morning (07:30 h) six levels were sampled within the euphotic zone using 81 Niskin bottles at six depths: 0,4,8, 12,18 and 25 m (chosen according to different light levels until ~1% the level of surface light irradiance) for chlorophyll a and primary production analysis.
Rates of photosynthetic carbon fixation by phytoplankton were determined by the in situ "C method. An aliquot of the samples (30 ml) was incubated in sterile glass bottles with 5 (iCi of sodium bicarbonate from 08:00 to 20:00 h. After incubation, the samples were filtered through glass microfibre filters (Whatman GF/F). Each filter was put into a scintillation vial, recovered by 0.5 ml N HC1 and dried at 55°C during 8-10 h. Radioactivity on the filter was measured by a liquid scintillation analyser (Packard 1500 TriCarb).
Other subsamples (1.5 1) were used for phytoplankton biomass (active pigments) and stock (including degraded pigments) determination (expressed as total chlorophyll a equivalent). Filtrations were made on Whatman GF/F (47 mm diameter) glass microfibre filters after passing through a 200 u,m nylon mesh in order to eliminate debris).
Phytoplankton size fractions. During the day, other samples were collected using an electrical Teflon pump at three levels (at the surface, middle and bottom of the photic layer). The size fractions of phytoplankton (microphytoplankton: 200-20 u,m; nanophytoplankton: 5-20 jim; pico-and small nanoplankton: 0.4-5 n,m) were determined using different successive filtrations: pre-filtration through nylon meshes of 200 and 20 jim, and filtration through 5 and 0.4 jim Nuclepore filters. The filters were stored frozen at -20°C in the dark until analysis. Extraction of chlorophyll pigments was carried out in the laboratory overnight at 4°C with 90% aqueous acetone. Chlorophyll pigment concentrations were determined using the fluorescence method (Yentsch and Menzel, 1963; Strickland and Parsons, 1972) . The fluorescence of the extracts was measured before and after acidification using a Turner Designs fluorometer (Model 10-005). Chlorophyll pigment concentrations were calculated according to the equations of Strickland and Parsons (1972) and expressed in mg chla equivalents (eq.) nr 3 (Conover et al., 1986) .
Zooplankton
Zooplankton samples were taken at regular intervals (2-3 h) by means of vertical tows through the photic zone using a 63 \x.m mesh size VVP2 net (clogging was never observed since most phytoplankton were nanoplankton). For quantitative analyses, samples were rinsed and preserved in 5% buffered formalin for further determination of species and abundances; the volume filtered was ~10 m 3 (Hydrodata digital flowmeter, Model 438110). Other samples were used to determine copepod gut contents; aliquots of these qualitative samples were instantaneously deep frozen in liquid nitrogen in order to minimize faecal pellet production of individuals (Saiz et ai, 1992) , and kept in the dark until analysis.
Abundance and biomass. Estimates of zooplankton abundances were made on quantitative samples under a binocular microscope. Copepods were determined at the species level and the results were transformed to abundances per cubic metre. The biomasses of the herbivorous plankters were determined: three aliquots of 30 individuals of each taxon were weighed on a Mettler ME22 microbalance (sensitivity 0.1 u.g), individuals were previously rinsed and dried at 60°C for 24 h. Biomasses are given in weight of carbon by multiplying dry weights by a factor of 0.4 (Parsons etal., 1977; Gerlach, 1978; Baars and Fransz, 1984; Simard etal., 1985) .
Gut pigment contents, ingestion rates. Three copepod (Calanus helgolandicus, Paracalanusparvus and Temora longicornis) and one cladoceran species (Evadne sp.) were taken into account, constituting the most important part of the 'herbivorous' community. Gut contents of 'herbivorous' plankters were analysed fluorometrically (Mackas and Bohrer, 1976) . In the laboratory, individuals were picked from the frozen samples under a binocular microscope and a cool light (at least 20 individuals of each species); for copepod species, only copepodid instars (1-6) were used. Individuals were rinsed with filtered seawater, transferred and crushed in tubes with 5 ml of 90% acetone. The fluorescence of the extract was measured after 2 h extraction (4°C in the dark) before and after acidification with a Turner fluorometer (Model 112).
Average gut chlorophyll pigment contents of animals (G) were calculated according to the equations of Strickland and Parsons (1972) , slightly modified. They were obtained from the addition of chlorophyll a and phaeopigments (expressed in chla eq.) and expressed in ng chla eq. individual (ind.)-'.
Gut pigment contents were transformed to individual ingestion rates (/, ng chla eq. indr 1 Ir 1 ) using the equation:
where k is the gut evacuation rate (min 1 ). The daily rations (in per cent of body carbon) were calculated for the four taxa by dividing the individual daily ingestion rates (converted to carbon from the carbon to chlorophyll ratio: C = 50ChIa) by individual carbon weights.
To determine gut evacuation rates of 'herbivorous' taxa (k), freshly caught individuals were gently and rapidly rinsed in filtered seawater, then immediately transferred to a flask containing filtered seawater (201, in the dark, field temperature). Samples were taken from the incubator at 10 min intervals during 1 h and copepods were immediately deep frozen until laboratory analyses of gut contents. Individuals were analysed for gut fluorescence as above. One to five gut clearance experiments were carried out for each taxon.
The decrease in chlorophyll pigments in the gut of starved copepods is classically described using a negative exponential model (Mackas and Bohrer, 1976; Dagg and Grill, 1980; Wang and Conover, 1986; Bautista et al., 1988) :
(where G o is the initial gut pigment content per individual and G, is the gut content at time t). The gut evacuation rate constants were calculated from the initial part of the curve (Mackas and Bohrer, 1976; Baars and Oosterhuis, 1984) : they were determined by exponential fits of the data for periods of time over which the semilogarithmic plots of data were linear (Ki0rboe and Tiselius, 1987; Bautista and Harris, 1992) .
For T.longicornis and P.parvus, three values of k were determined: one for the night (from 21:00 to 07:00 h), one for the morning (from 08:00 to 13:00 h) and one for the afternoon (from 14:00 to 20:00 h); when two experiments were carried out during the same period an average value was calculated. For C.helgolandicus, only one value of k was used for both day and night estimations of ingestion rates. For Evadne sp., one day value and one night value were used.
Grazing pressure. Zooplankton grazing pressure on both integrated primary production (25 m) and phytoplankton standing stock (25 m) was estimated. Consumption rates for each herbivorous taxa were determined per cubic metre by multiplying individual ingestion rates by the corresponding species abundances. These consumption rates were summed to obtain the total chlorophyll pigment consumptions per cubic metre. These rates were converted to carbon from the carbon to chlorophyll ratio (C = 50Chla), integrated on the water column and then related to primary production and algal stock.
Results

Hydrography
This early spring period was characterized by strong winds and storms inducing a good mixing of the water column; no important stratification was detected, temperature ranged between 11 and 12°C (reaching 13°C only during the afternoon at the surface), and salinity varied between 34.5 and 35.5%o. During the first cycle (13-14 April), we drifted to the north and a slight decrease in salinity and temperature was observed in the whole water column, a slight thermocline being observed around 15-18 m. The second cycle (16-17 April) was essentially marked by an increase in the temperature (essentially bottom temperature) and salinity, and by a better mixing of the water masses.
Phytoplankton stock and primary production
Phytoplankton concentrations were low throughout the sampling period (0.6-1.8 mg chla eq. nr 3 ) and generally decreasing with depth ( Figure 2 ). The profile (Table I) were weak in the photic layer (23.5-30 mg chla eq. nr 2 ). Pico-and nanophytoplankton (<20 p.m) represented on average 96% of the total phytoplankton stock (Table I) ; within this assemblage, the <5 (j,m fraction dominated (on average 74% of the total stock). This size structure of the phytoplankton community was quite stable during the study: pico-and small nanophytoplankton dominated at the surface, and nanophytoplankton dominated at middle and bottom levels.
Primary production was low during the sampling period and essentially due to algae smaller than 20 |xm (on average 99% of the primary production; Table I ). A slight increase was observed during the second cycle. 
Zooplankton composition and abundance
Zooplankton composition was quite constant and copepods dominated during the study ( Figures 3 and 4) ; 'herbivorous' copepods were mainly represented by T.longicornis and P.parvus; the 'omnivorous-carnivorous' group was essentially composed of Oithona spp. , although an increase was punctually observed during the second cycle (probably due to a drift of the drogue, as a result of strong winds during this period). Average copepod densities were around 30 000 ind. nr\ when the density of the remainder of the plankters did not exceed 3000 ind. nr 3 .
Gut contents and individual ingestion rates
Individual gut pigment contents varied on a large scale during the sampling periods ( Figure 6 ). The variations were globally similar from one species to the other. During the first cycle, the highest levels were observed from 01:00 to 13:00 h on 14 April (the highest gut pigment content was measured for C.helgohndicus at 1.69 ng chla eq. copepod-1 ). During the second cycle, two diurnal peaks were observed for the four species (11:00 and 17:00 h). During the night, a similar increase was also observed for C.helgolandicus. For the three other taxa, low nocturnal gut pigment contents were obtained. These variations were observed when chlorophyll pigment concentrations in the field remained fairly constant (Table I) .
The estimates of gut clearance rate constants were within the range of literature data (see the review in Sautour, 1994) . The gut clearance rates were variable according to time for P.parvus (Table II) : the highest values were found in the morning, the lowest in the afternoon and during the night. No significant difference between day and night values was observed for T. longicomis and Evadne sp. The lowest gut clearance rates were obtained for Evadne sp. and C.helgolandicus.
Gut pigment contents were converted into individual ingestion rates using these values of gut clearance rate [for P.parvus average values were used for the morning {k = 0.124 min-1 ) and for the afternoon (k = 0.072 mirr 1 )]. The individual ingestion rates of the different species ( Figure 7) were within the range of published values for the same or similar species. Temora longicomis was found to ingest 4.79-7.34 ng pigment copepod-1 h 1 (Wang and Conover, 1986) pigment copepod" 1 rr 1 (Head, 1988) . During the first sampling period, high ingestion rates were observed from 01:00 to 13:00 h (14 April). The ingestion rates of T.longicornis, C.helgolandicus and P.parvus were in the same range of magnitude, when values obtained for Evadne sp. were low. During the second cycle, the two diurnal peaks described above for gut contents were shown for ingestion rates when the nocturnal peaks were less pronounced.
Daily ration values (per cent of body carbon) varied on a large scale according to the species. The lowest daily ration values were found for the bigger species, C.helgolandicus, the highest were obtained for P.parvus (Table III) .
Zooplankton grazing pressure
During the two cycles, periods of high phytoplankton consumption were observed, mostly influenced by high individual ingestion rates (Figures 7 and 8) . Paracalanus parvus was the most important phytoplankton consumer during the first cycle, whereas P.parvus and T.longicornis dominated during the second period. The daily phytoplankton consumption in the water column was estimated to be 121 mg C m-2 day-1 during the first cycle and 170 mg C nr 2 day-1 during the second one. The daily grazing impact of the herbivorous community on phytoplankton stock (Table  IV) ranged between 9% day 1 (14 April) and 14% day 1 (17 April). The daily grazing pressure on primary production ranged between 17 and 21% day 1 (Table IV) . The average daily pressure exerted by C.helgolandicus and Evadne sp. remained below 10% of the total pressure when the grazing impact of T.longicomis and P.parvus accounted for 25-65%, for each species, of the total pressure ( Figure 9 ).
Discussion
During our study (April 1993) , the stratification of the water column was weak in the plume of dilution of the Gironde estuary. This was due to strong winds and indicates the beginning of the spring inversion of temperature stratification. Chlorophyll pigment concentrations and primary production were low. Pico-and small nanophytoplankton dominated (phytoplankton <20 u,m represented almost the totality of the primary production) which is characteristic during the early spring bloom in coastal waters (Joint et al., 1986) .
Copepods dominated the zooplankton assemblage and naupliar stages represented 50% of the copepod community. Oncaea media, Oithona helgolandica, P.parvus and T.longicomis dominated the copepod community (classically observed in the continental shelf of the Bay of Biscay; d'Elb6e, 1985) . This assemblage can be divided into two groups: (i) Oncaea media and Oithona helgolandica, classically considered to be carnivorous, but now thought to be omnivorous: they can feed on microzooplankton and large phytoplankton (Turner, 1986) ; (ii) two herbivorous species {P.parvus and T.longicomis) feeding primarily on phytoplankton when phytoplankton dominates and feeding on a wide variety of particles when phytoplankton biomass decreases (inorganic particles, detritus, heterotrophs; Kleppel etal., 1983; Kleppel, 1993) . The remainder of the plankton community was dominated by herbivorous taxa (essentially Evadne sp.). The estimate of the grazing pressure of the 'herbivorous' community was made for C.helgolandicus, P.parvus, T.longicomis and Evadne spp. Oncaea media and Oithona helgolandica were not taken into account, pico-and small nanoplankton dominating during our study. Nauplii were also not considered.
The periods of high nocturnal feeding activity were essentially observed for the four species during the first cycle. During the second cycle, lower increases were observed for C.helgolandicus, T.longicomis and P.parvus. Periods of high diurnal grazing activity were also observed: during the first cycle, the nocturnal period of high feeding activity carried on until midday for T.longicomis and P.parvus, and during the second cycle two diurnal peaks were observed for the four taxa. This indicates that periodicity in the grazing activity inducing high nocturnal feeding activity is common (Mackas and Bohrer, 1976; Dagg and Grill, 1980) , but not universal (Dagg and Wyman, 1983; Nicolajsen etal., 1983; Ki0rboe etal., 1985; Christoffersen and Jepersen, 1986 ). In our case, the lack of day-night variations in grazing activity was probably due to low chlorophyll pigment concentrations in the field (the highest concentration during our study was 2.11 ^.g chla eq. I 1 ) as observed in other areas for concentrations of ~ 1 u.g pigment 1 ' (Baars and Oosterhuis, 1984; Dagg, 1985; Roman et al, 1988) .
Since the samples were taken in the same water mass, the fluctuations of copepod gut fullness cannot be attributed to quantitative variations of their nutritional environment, phytoplankton stock being fairly constant (Figure 2 , Table I ). One possible explanation is that populations migrated through a patchy food environment (Dagg and Wyman, 1983) , indicated by a slight increase in chlorophyll pigment concentration as observed at -12 m on 14 April. However, the variations in chlorophyll pigment concentrations were low within the water column (maximum variation 0.7-1.8 p-g chla eq. I" trations, gut contents of species of the same size vary only from 0.20 to 0.60 ng chla eq. copepod-1 (Centropages typicus; Ki0rboe et al., 1982) or from 0.01 to 0.05 ng chla eq. copepod-1 (Acartia clausi; Pagano and Saint Jean, 1985) . In addition, vertical migrations of copepods are classically not observed when chlorophyll pigment concentrations in the field are low (Baars and Oosterhuis, 1984; Dagg, 1985; Roman era/., 1988) .
The variations in gut fullness could also be due to qualitative changes in the nutritional environment of the grazers. However, long-term variations in phytoplankton species composition or qualitative variations of the phytoplankton stock in terms of the chla/phaeopigment ratio (copepods are sensitive to the quality of algae; Mullin, 1963; Urry, 1965 , Price et al., 1983 cannot explain the rapid fluctuations of gut contents observed during our study.
The variability of gut contents was most probably due to intermittent periods of high grazing activity and the accumulation of chlorophyll pigments in the gut of copepods coupled with periods of low grazing activity. Boyd et al. (1980) indicated such a grazing behaviour for copepods commonly feeding at high rates during short periods followed by periods of no feeding at all. From our estimates, variations of gut fullness were also due to variations of gut clearance rates, which varied on a large scale according to the species: either they were fairly constant or they varied on a large scale. Two hypotheses can be proposed to explain the variations of gut fullness: (i) when periods of low and high gut evacuation rates were observed (P.parvus), they were not coupled to periods of low and high ingestion rates, respectively, allowing the accumulation of pigments in the gut of copepods; (ii) when evacuation rates were constant (T.longicomis, Evadne sp.), it indicates a constant egestion and an intermittent feeding activity. The accumulation of products from a few hours of feeding egested in a few minutes or inversely has already been proposed in order to explain the variations of gut fullness (Boyd etal., 1980) , thus inducing variations in the amount of nutrition extracted from food. Mackas and Burns (1986) indicated a correlation between variations of gut fullness and the activity level of copepods: rapidly swimming animals containing more food than inactive copepods.
The fluorometric method underlies possible causes of underestimations of the grazing impact of 'herbivorous' plankters on algal stock or production: (i) a destruction of chlorophyll pigments to non-fluorescent compounds in the gut of the grazers is possible (33%; Dam and Peterson, 1988) ; (ii) the gut evacuation rate constants can vary on a large scale (see the review in Sautour, 1994) ; (iii) diel periodicity in cellular chlorophyll content is observed in marine diatoms (Owens et al., 1980) . However, this method allows comparisons with other studies and the grazing pressures found in the plume of dilution of the Gironde estuary are in good agreement with the general view indicating that phytoplankton of coastal areas are underexploited by large 'herbivorous' grazers (Table V) . It induces that an important fraction of the daily primary production either sinks or is recycled via microzooplankton (microzooplanktonic protists and micrometazoans) in the water column. The importance of microzooplanktonic grazers in coastal food chains has frequently been noticed (Capriulo and Carpenter, 1980; Conover and Mayzaud, 1984; White and Roman, 1992) ; Dagg (1995) indicates that up to 95% of the total grazing was due to microplanktonic grazers in a subtropical estuary. Our estimate of grazing impact was made on the whole phy toplankton stock and on the primary production, including particles which were not available as a food source for the grazers (during our study, almost 100% of the phytoplankton stock and primary production were <20 jim and at least 70% of the algal stock were <5 (xm). Bautista and Harris (1992) indicated that only the phytoplankton >10 u,m are available for copepods; Morales et al. (1991) pointed out the importance of the particles >5 u-m in the diet of marine copepods; Morales et al. (1993) indicated a poor filtration efficiency for particles <5-10 jirn. When the daily grazing pressure during our study was calculated on the available food source for grazers (phytoplankton between 5 and 20 n.m), it ranged between 35 and 68% day' of the available stock (Table IV) . This estimate can be higher (52 and 101% day-') when corrected for pigment destruction in the gut of copepods.
During our study in the plume of dilution of the Gironde estuary, the total phytoplankton concentration in the photic layer (maximum value 30 mg chlo eq. nv 2 ) was probably below the limiting concentration for zooplankton growth (Huntley and Boyd, 1984) . Only 30% of this stock were available for grazers and the grazing pressure on this fraction ranged between 35 and 68% day 1 . The high daily ration values (per cent of body carbon) obtained for P.parvus (113) suggest that this species was well adapted to the small size distribution of this nutritive algal environment where pico-and nanophytoplankton dominated. The daily rations obtained for C.helgolandicus were low [Paffenhofer (1971) found a daily ration between 25 and 85] and the rations found for Evadne sp. and T.longicornis were similar to values found for copepods in other areas: from 5 to 27 and 9 to 25 (T.longicornis and Centropages hamatus; Baars and Fransz, 1984) , from 57 to 58 and 23 to 29 (same species; Tackx et al., 1990) , and from 26 to 85 (C.hamatus; Ki0rboe et al., 1982) . This indicates that either these three species were not in an active feeding condition, which was probably linked to the very small sizes of the algae in the water column, or that alternative food sources were available for these particle feeders (microzooplankton, sinking particles).
In summary, our results suggest that in the plume of dilution of the Gironde estuary most of the phytoplankton production was not grazed by late-stage copepods (copepodids 1-6) during early spring. The trophic fate of phytoplankton depends on its size structure, as it was observed in other coastal ecosystems (Bautista and Harris, 1992): (i) small cells are mostly grazed by microzooplankton protists and micrometazoans and support a 'microbial-type' food web; (ii) large cells are ingested by large particle feeders and support a classical food chain. These large grazers probably complete their diet with other available food sources, such as micrometazoans (Landry, 1981) and microzooplankton protists (Robertson, 1983; Stoecker and Egloff, 1987) . 
